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Institute for Polymers and Organic Solids, University of California at Santa Barbara, Santa Barbara, CA 93106, USAOur initial discovery of ultrafast electron transfer occurred in
late 1992. It was a discovery based purely on curiosity. At that
time, we had been working on the optical properties of semicon-
ducting polymers for many years. Then, the fullerenes were discov-
ered, and Smally, Kroto and Kurl were awarded the Nobel Prize for
that discovery. Professor Serdar Sariciftci was a Post-doc in my
group at that time. During a random discussion in my ofﬁce, we
speculated on what would happen if we mixed these two novel
materials. I made several speculative guesses, and we decided to
do some initial experiments, even though the idea was not yet well
formed in our minds.
The ﬁrst evidence of charge transfer came from spin resonance
studies; two ESR signals were observed; one with g-value identical
to that of the polymer and a second with g-value identical to that of
the fullerene unambiguously implying charge transfer [1]. We had
no idea, however, of the timescale of the electron transfer. The
additional fact that the luminescence of the polymer was heavily
quenched by the addition of fullerenes indicated that the electron
transfer must occur on a timescale signiﬁcantly faster than the
decay time of the photoluminescence; i.e., at least in the
picosecond timescale [1]. So we decided to measure the electron
transfer-time directly, using ultrafast pulsed laser techniques.
The result of these initial ultrafast experiments was reported in
the Letter in Chem. Phys. Lett. 213 (3–4) 389.
The entire ﬁeld of bulk heterojunction solar cells was created as
a result of this demonstration of ultrafast charge transfer. Since the
electron transfer rate was orders of magnitude faster than any
competing process, we inferred that the efﬁciency of photoinduced
charge generation must be nearly 100%, implying the possibility of
high efﬁciency solar cells.
Mobile charges are produced in bulk heterojunction (BHJ) mate-
rials at timescales <100 fs [1]. Ultrafast observations of infrared
active vibrational modes (IRAV) associated with polaron formation
unambiguously establish this fact [2]. Despite the fast timescales
associated with these processes, it is frequently assumed that
organic solar cells operate only via adiabatic processes. The elec-
tron transfer is assumed to require exciton diffusion to a hetero-junction interface where charge separation occurs. While exciton
diffusion may contribute, the belief that this is the dominant
mechanism for photogeneration of mobile carriers is at odds with
experimentally established facts regarding polymer-fullerene and
small-molecule-fullerene solar cells.
A photophysical process can only be described within the adia-
batic approximation when that process has a timescale signiﬁ-
cantly greater than the decay timescale of coherent processes.
Electron transfer reactions fail this criterion in poly(phenylene
vinylene) based polymers, for which the photogenerated coherent
wavefunction persists for 25 fs (in solution) [3], and electron trans-
fer occurs in 45 fs in the solid BHJ material [4]. In P3HT, the
coherent wavefunction persists for 100 fs in solution [5], while
the electron transfer timescale is <100 fs in the BHJ material
[1,6,7]. It is therefore appropriate to develop testable hypotheses
regarding the effect of electron transfer that involve a coherent
photoexcited state in organic solar cells.
The initial state of the system following photon absorption is
important in organic solar cells and is currently also under discus-
sion in the photosynthesis community [8,9]. We take the position
that during the absorption process, the momentum of the photon
is uncertain. This results in an uncertainty regarding the location
of the photoexcitation, which in turn corresponds to an uncertainty
in the position of the excitation itself. Thus, a delocalized wave-
function (a coherent state described as a superposition of the
eigenstates of the Hamiltonian of the disordered BHJ material) is
initially created. This delocalized wavefunction enables an imme-
diate probability of electron transfer and charge generation over
relatively long distances (see Figure 1a).
If the delocalized coherent wavefunction is important for ultra-
fast charge transfer, the electron transfer rates must outcompete
decoherence. We would therefore expect that charge generation
rates be correlated with device efﬁciencies. Figure 1a shows the
early timescale charge generation dynamics in a solution processed
molecular BHJ material [10]. The rate of carrier generation is
affected by the amount of diiodooctane (DIO) included in the solu-
tion from which the ﬁlm was cast. To follow the overall trend more
easily, Figure 1b displays the rate versus additive concentration.
Although the estimates of charge transfer timescale are shorter
than the pulse width and as such, are not quantitatively accurate,
the trend is clear. Figure 2 displays the J–V characteristics of solar
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Figure 1. Ultrafast transient absorption dynamics. (a) Positive going signal is the
absorption of charge carriers which is affected by the amount of solvent additive
(DIO). Negative going features are the photobleaching signals of the neutral donor
molecule, and are unaffected by solvent additives. (b) Qualitiative charge transfer
timescales obtained by ﬁtting the traces of panel (a) with a model which accounts
for a pulse width of 100 fs. Reproduced from Ref. [10].
0.0 0.2 0.4 0.6 0.8
-14
-12
-10
-8
-6
-4
-2
0
2
C
ur
re
nt
 d
en
si
ty
 (m
A
/c
m
2 )
Voltage (V)
 0%
 0.25%
 0.60%
 1.0%
Figure 2. Solar cells based on the same molecular system as studied in Figure 1.
Reproduced from Ref. [11].
62 B. Kraabel et al. / Chemical Physics Letters 589 (2013) 61–62cells using the same materials [11]. Small amounts of additive
improve efﬁciency and increase the charge transfer rate. These cor-
relations are expected if the delocalized coherent wavefunction
generated by the Uncertainty Principle is responsible for the ultra-
fast charge transfer observed quite generally in bulk heterojunc-
tion materials.
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